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Arup Offshore Wind – Design Capabilities

What’s needed for detailed design?
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Arup Offshore Wind – Design Capabilities
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Finite element analysis to 

optimise monopiles

NUMEROUS APPLICAT IONS
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FE analysis to optimise monopiles

Pile driveability studies

Enabling high D/t ratios through advanced, automated installation and in-service buckling 

analysis using non-linear FE

Pile Buckling
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FE analysis to optimise monopiles

FE analysis of driving installation scenarios
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FE analysis to optimise monopiles

FE analysis of driving installation scenarios
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FE analysis to optimise monopiles

Ringing assessment during detailed design

Wave elevation

Structural response

Base moment time history Wave structure analysis
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FE analysis to optimise monopiles

Other FE applications

Strengthening of MP grouted 

connections

Validating research on large 

anulus grouted connections
Pile buckling during driving
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Geotechnical modelling of pore 

pressure build up around 

monopiles under cyclic loading
CYCLIC DEGRADATION
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Modelling of monopiles under cyclic loading

Loose model (Dr = 35%)

Medium dense model (Dr = 63.5%)
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Simple model

Advanced model

Model calibration using drained/undrained monotonic triaxial tests 

/ undrained cyclic triaxial test
[Linear elastic]

Mohr Coulomb (all)

Brick Model (clay)

MAT-hysteretic (all)

Nor-Sand (sand)

Sanisand (sand)

PM4Sand (sand)

We develop, verify and validate our own material models (in-house)

Soil model development
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Modelling of monopiles under cyclic loading

Project-specific (p-y) & (m-θ) curves 

3D finite element analysis to develop nonlinear soil springs
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Modelling of monopiles under cyclic loading

Excess pore pressure generation in soil around pile

due to cyclic loading
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Cyclic loading of monopiles



WE SHAPE A BETTER WORLD

Modelling of monopiles under cyclic loading

Degradation curves of G0 vs shear strain suggested by Seed and 

Idriss 1970 for sands.Cyclic stiffness of soil

̶ Key behaviour of soil during cyclic loading: as it 

undergoes shear strain, its shear stiffness G0 reduces.

̶ Degradation curves of G0 vs shear strain have been 

suggested by various authors

̶ Various methodologies are available for calculating G0, 

however the best methodology is that using shear wave 

velocity from shear wave testing.

G0=ρ(vs)
2
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Modelling of monopiles under cyclic loading

Area of high deflection: cyclic 

degradation taken place G0 at 

~10%?

Area of low deflection: less cyclic 

degradation taken place, G0 at 

~100%?

LS DYNA analysis: Finite 

Element Analysis (FEA) of 

monopile. 

Loads applied
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Modelling of monopiles under cyclic loading

Determining cyclic degradation

Develop a 
loading model 

Apply loading 
model to a 
foundation 

model 

Review results 
and determine 

a cyclic loading 
methodology
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Design considerations for 

monopiles in seismic regions

S E I S M I C  D E S I G N  B A S I S
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Seismic design basis

DNV-GL

Loads and site conditions for wind turbines

Support structures for wind turbines

IEC  Wind energy generation systems 

Part 1: Design requirements

Part 3-1: Design requirements for fixed offshore 

wind turbines

ISO

Seismic design procedures and criteria

Fixed steel offshore structures
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Seismic design basis

DNV-GL

Loads and site conditions for wind turbines

Support structures for wind turbines

IEC  Wind energy generation systems 

Part 1: Design requirements

Part 3-1: Design requirements for fixed offshore 

wind turbines

ISO

Seismic design procedures and criteria

Fixed steel offshore structures

Refers to IEC 61400-1, 

ISO 19901-2 and Eurocode 8 for 

seismic requirements

Seismic actions with a 475-year 

return period are specified (same 

as Eurocode 8)

Requires evaluation of local 

faulting and soil conditions in 

seismically active areas

Note: New project launched 

April 2019 to develop further 

design guidance for earthquakes 

and cyclones, “Alleviating 

Cyclone and Earthquake” (AEC)
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Seismic design basis

DNV-GL

Loads and site conditions for wind turbines

Support structures for wind turbines

IEC  Wind energy generation systems 

Part 1: Design requirements

Part 3-1: Design requirements for fixed offshore 

wind turbines

ISO

Seismic design procedures and criteria

Fixed steel offshore structures

Seismic actions with a 475-year 

return period are specified
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Seismic design basis

i.e., the 475-year return period used in building codes all over the 

world, and referred to by DNV-GL and IEC standards and 

Eurocode 8 is:

• arbitrary

• not calibrated for use in offshore wind applications

• in building applications, associated with ‘life safety’ performance 

and heavy structural damageAlgermissen & Perkins (1976)

The first probabilistic hazard maps for the US;

Uses 475-year return period based on 50-year 

‘design life’ and 10% probability of exceedance

“

.”

Bommer & Pinho (2006)
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Seismic design basis

DNV-GL

Loads and site conditions for wind turbines

Support structures for wind turbines

IEC  Wind energy generation systems 

Part 1: Design requirements

Part 3-1: Design requirements for fixed offshore 

wind turbines

ISO

Seismic design procedures and criteria

Fixed steel offshore structures

Two-level design check:

Ultimate limit state (ULS) under 

Extreme Level Earthquake 

(ELE) → “no significant 

structural damage”

Abnormal limit state (ALS) 

under Abnormal Level 

Earthquake (ALE) → “the 

structure and foundation… 

[can] sustain large inelastic 

displacement reversals without 

complete loss of integrity, 

although structural damage can 

occur”



ISO 19901-2: Seismic design requirements based on seismic risk

SHAPE A BETTER WORLD

Seismic design basis

“high environmental and/or economic 

consequences”

Non-linear finite element analysis

Probabilistic seismic hazard assessment (PSHA)



Abnormal Level Earthquake (ALE) based on target annual probability of failure.

For exposure level L1, typically ALE ~ 3000–4000 years

Extreme Level Earthquake (ELE) evaluated based on the anticipated margin between 

“little or no damage” and “major failure” – around 2.0 for monopile design and up to 

2.8 for jacket design; requires nonlinear analysis to calibrate.

Therefore, L1 typically ELE ~ 400–800 years (monopiles)

→ ISO 19901-2 design anchored on life safety ALE check –

appropriate for offshore oil & gas applications but less relevant for 

offshore wind.

SHAPE A BETTER WORLD

Seismic design basis
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Design considerations for 

monopiles in seismic regions

RESEARCH & DEVELOPMENT MONOPILE WITH 

LIQUEFIABLE SOILS
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Research & development monopile with liquefiable soils

FS = 
CAPACITY

DEMAND  

Cyclic resistance ratio 

(CRR)

Cyclic stress ratio (CSR)
= 

FS >> 1 Liquefaction unlikely, all good 

FS < 1  Liquefaction probable, what next?

Evaluation of liquefaction potential
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Research & development monopile with liquefiable soils

Dyke stability
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Research & development monopile with liquefiable soils

Bounding 

surface

CSL

2

4

5

σB

σ'

Elastic region

b

1

Deviatoric (shear) stress

Mean stress

α

3 Dilatancy

surface

Based on the works by Dafalias & Manzari (2004), Dafalias, Papadimitriou and Xiang 

(2004) and Taiebat and Dafalias (2008)

Validation of constitutive model - SANISAND
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Research & development monopile with liquefiable soils

Sand layers

8m diameter monopile

with L=27m

Simplified tower 

and OWT model

Dense Ottawa Sand

Loose Ottawa Sand

Dense Monterey Sand

2m

6m

34.6m

80m

*Soil parameters are based on Ramirez et al 

(2019)

Dynamic soil-structure interaction of monopiles in liquefiable sands

Lumped nodal masses for:

rotor-nacelle assembly

Flanges, boat landing, entrained 

water + marine growth 

Timoshenko 1D beam 

elements

Shell elements for the 8m 

diameter monopile
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FE analysis to optimise monopiles

Using automated design procedures to deliver efficient design 

To finish - detailed design of monopile foundations 

‘A Port’ offshore wind farm

Detailed design of the first wind farm in 

Japanese waters to achieve design certification. 

Also the first offshore wind farm to be 

constructed in a highly seismic zone.

- 33 No. Foundations

- 4.2 MW WTGs

- 5.5m MPs with conical grouted connections

‘K Port’ offshore wind farm

Detailed design of the second 

wind farm in Japanese waters: 

- 36 No. Foundations

- 5.2 MW WTGs

- 6.5m MPs with bolted flange 

connection

‘Y Port’ offshore wind farm

FEED design of the first XL 

monopile  wind farm in Japanese 

waters: 

- 70 No. Foundations

- 9.52 MW WTGs

- 9m MPs with bolted flange 

connection



Thank you! 
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